Objectives: Escherichia coli producing CTX-M-15 and CTX-M-14 extended-spectrum b-lactamases (ESBLs) are spreading worldwide. The aim of this work was to investigate the replicons involved in the emergence and spread of ESBLs in relation to ESBL type.
Introduction
Until the late 1990s, TEM and SHV enzymes were the most common extended-spectrum b-lactamases (ESBLs), frequently associated with Klebsiella pneumoniae. 1 In the late 1990s, the prevalence of both TEM and SHV decreased, whereas that of CTX-M increased, especially associated with Escherichia coli species. Within a few years, CTX-M ESBL-producing E. coli had spread across the world, involved in both nosocomial outbreaks and community-acquired infections. 1 To investigate the mechanisms involved in the emergence and spread of these plasmid-borne ESBLs, we studied a collection of 125 ESBL-producing E. coli strains 2 and in particular: (i) the replicons carrying the ESBLs; and (ii) the total plasmid content of the strains, in relation to the type of ESBL. The ESBL replicons were then compared with the replicons carrying TEM-1, a TEM ESBL ancestor, and inhibitor-resistant TEM (IRT) b-lactamases, another type of TEM-derived enzyme that emerged in the 1990s after clavulanic acid started to be used.
Materials and methods

Bacterial strains
One hundred and twenty-five strains of ESBL-producing E. coli were studied. 2 They were recovered between 1997 and 2002 in different areas of France and were not epidemiologically related. ) . The presence of the bla TEM gene in these TEM-1-and IRT-producing strains was characterized as described previously. 3 
ESBL resistance transfer assays
The plasmid conferring third-generation cephalosporin resistance in each of the 125 ESBL-producing strains was transferred by mating with E. coli J53-2 rif r . For donor strains producing TEM-or SHV-type ESBLs, transconjugants were selected on Drigalski agar plates (Bio-Rad) containing rifampicin (250 mg/L) and ceftazidime (2 mg/L), and for CTX-M-producing donors, they were selected on Drigalski agar plates containing rifampicin (250 mg/L) and cefotaxime (2.5 mg/L). When resistance plasmid transfer failed in the mating experiments (36 cases) or when plasmid co-transfer occurred (11 cases), transformation was used: plasmid DNA was extracted and then transferred into E. coli DH10B TM cells by electroporation (Invitrogen). Transformants were selected on Drigalski agar plates supplemented with a third-generation cephalosporin, as described earlier.
Detection of TEM-1 in ESBL-producing strains
Isoelectric focusing was used to detect TEM-1 in all parental strains and in TEM ESBL recipients. PCR and direct sequencing using OT3 and OT4 primers were used to detect bla TEM-1 in CTX-M and SHV ESBL-producing parental and recipient strains. 3 
Plasmid replicon type determination
Plasmid replicons were determined using the PCR-based replicon typing scheme described by Carattoli et al. 4 and primers, CA1 and OR1, for the FII replicon. 5 The latter primers recognize FII replicons sharing high-level homology with the R100 reference plasmid, whereas the repF simplex PCR described by Carattoli et al. 4 could detect more divergent FII replicons, and all positive results were collected in the same repFII replicon type.
Plasmid replicons were determined for the ESBL-producing parental strains and for transconjugants and transformants obtained after transfer of resistance as well as for E. coli clinical isolates producing TEM-1 and IRT enzymes.
Statistical analysis
All comparisons were determined using Pearson's x 2 or Fisher's exact test when appropriate, and a P value , 0.05 was considered significant. Statistical analysis was carried out using STATA v 9.2 (StataCorp., College Station, TX, USA).
Results and discussion
PCR-based replicon typing in parental ESBL-producing strains
The replicons could not be determined in 7 (5.6%) of the 125 parental strains tested. In total, 291 replicons were detected (mean 2.33, range 0 -6) [ Table S1 , available as Supplementary data at JAC Online (http://jac.oxfordjournals.org/)].
F replicons (FIA, FIB, FIC and FII) were the most frequently detected replicon types in our collection (60.5%). These results are in accordance with those of other authors. 6, 7 IncF replicons are widely distributed among E. coli strains and seem to be well adapted to this species. 8 Curiously, the A/C replicon was detected in 48 of the parental strains (38.4%), although this replicon has been considered to be rare in Enterobacteriaceae and particularly in E. coli isolated from humans. 6, 7 PCR-based replicon typing in ESBL-recipient strains
The ESBL plasmid replicons could not be characterized for 25 (20%) of the 125 ESBL plasmids in the transconjugants/transformants strains tested; many of these were SHV ESBL producers (9/21) ( Table 1 ). The proportion on non-characterized replicons of SHV ESBL producers (43%) was significantly greater than that observed for TEM ESBLs (P ¼ 0.009) and CTX-M ESBLs (P ¼ 0.02) and suggests that these genes are carried by plasmids that this PCR-based method is unable to type (Table 1) . Although SHV-type ESBLs, including SHV-2, SHV-5 and SHV-12, are disseminated worldwide, little is known about the plasmids encoding these ESBLs.
A/C replicons were associated with the three ESBL types studied (TEM, SHV and CTX-M), but were significantly more prevalent in TEM ESBL plasmids (36/54) (ESBL type versus TEM: SHV, P , 0.001; CTX-M, P , 0.001). As most of the IncA/C replicons were associated with TEM-24-producing strains, the apparent over-representation of this type of replicons in our collection could be a bias (Table 1 ). Similar to A/C replicons, I1 replicons were associated with several b-lactamases in our and other studies. 9, 10 Particularly, all TEM-52 genes for which plasmid replicon type could be determined (7/10) were carried on IncI1 replicons (Table 1) .
Conversely, IncF replicons did not carry all types of ESBLs. Indeed, among the 54 TEM ESBL replicons that we studied, none belonged to the IncF group. Although CTX-M enzymes can be carried by various replicons, most (36%) were carried by IncF replicons (FIA, FIB and FII). Diverse replicons have been implicated in CTX-M emergence. Most of the CTX-M-9 genes in Great Britain and Spain are carried on HI2 replicons. 10, 11 However, in our collection, most were on IncF replicons. The number of CTX-M-9-producing strains in our collection was too small (Table 1) to draw conclusions. CTX-M-1 and CTX-M-3 are early enzymes of the cluster, whereas CTX-M-15 appeared more recently, evolving from CTX-M-3 by an Asp-240-Gly substitution, which increases its catalytic efficiency against ceftazidime. The CTX-M-1 and CTX-M-3 genes in our collection were carried on various replicons (IncI1, and IncN, or IncL/M, respectively) but not on IncF, whereas most of the CTX-M-15 enzymes are encoded on IncF replicons (Table 1) . To the best of our knowledge, no CTX-M-1 or CTX-M-3 has been described on an IncF replicon.
PCR-based replicon typing in E. coli producing TEM-1 and IRT b-lactamases
We performed PCR replicon typing with the 44 TEM-1-producing clinical isolates of E. coli: none of them carried A/C replicons, whereas 31 (70%) carried F replicons; 87% of the typed replicons in TEM-1 producers were F replicons. Replicon type was also determined for 39 IRT-producing clinical isolates of E. coli. As observed for strains producing TEM-1 enzyme, no A/C replicons were detected, whereas 35 strains (90%) contained F replicons, and 96% of the typed replicons found in IRT producers were F replicons ( Table 2 ). There were significant differences between IRT producers versus TEM-1 or TEM ESBL producers for FIB replicons (P , 0.0001). For FII replicons, there were significant differences between TEM ESBL producers versus IRT producers (P , 0.0001) and TEM ESBL producers versus TEM-1 producers (P , 0.05) ( Table 2) .
Implications for understanding of ESBL emergence and dissemination bla TEM-1 genes, which have successfully diffused in E. coli all over the world during the last 40 years, are mainly carried by 13, 14 Furthermore, as TEM genes are carried by Tn3-type transposons, known to confer transposition immunity (a plasmid containing a copy of Tn3 is resistant to further insertions of Tn3), it is plausible that TEM ESBL transposition from broad host-range A/C or I1 replicons to F replicons already carrying TEM-1 is not possible. 15 To test this hypothesis, we investigated the presence of TEM-1 in our ESBL collection. Sixty-one parental strains (49%) produced a b-lactamase with a pI of 5.4, compatible with the presence of the TEM-1 enzyme. The prevalence was not different between the three groups: 41% for TEM ESBL carriers, 52% for SHV ESBL producers and 56% for CTX-M ESBL carriers [ Table S2 , available as Supplementary data at JAC Online (http://jac.oxfordjournals.org/)]. TEM-1 b-lactamase was detected in 12 (80%) of the CTX-M-15-producing parental strains, in 6 (43%) of the CTX-M-14 producers and in 10 (48%) of the other CTX-M producers. The high prevalence of TEM-1 in CTX-M-15 producers has been reported previously. 16 -19 We then determined whether bla TEM-1 was carried on the same replicon as the ESBL gene. In TEM ESBL-producing recipient strains, we did not detect any band of b-lactamase activity compatible with TEM-1 ( pI 5.4). Conversely, 8 of the 12 CTX-M-15-recipient strains obtained from parental strains producing both CTX-M-15 and TEM-1 also produced TEM-1 b-lactamase, indicating linkage of the bla TEM-1 and bla CTX-M-15 genes on the same replicon, as described previously. 18, 19 These results suggest that two copies of the bla TEM genes cannot be located in the same replicon.
Kluyvera spp. are the ancestral host of CTX-M enzymes, so we know that these resistance genes came from the environment. 1 Some of these genes, for example, bla CTX-M-1 and bla CTX-M-3 , were mobilized by ISEcp1 probably on non-IncF replicons (IncL/M, IncN and IncI1).
1 Subsequent transposition from these replicons to F replicons well adapted to E. coli is not hampered by Tn3 transposition immunity.
In summary, it appears that resistance genes borne by the narrow host-range IncF replicons can spread readily in E. coli, as observed for bla TEM-1 and bla CTX-M-15 . Also, transposition immunity plays an important role in the dissemination process, as shown for TEM ESBL.
